Background Human placenta is a convenient resource for biomedical research, and has not yet been used for neurointerventional surgery research. Objective Our objective was to explore the feasibility of using human placenta to test various endovascular interventions and for training. Design 18 placentas soon after delivery were prepared for six pilot studies. Results When the chorionic plate vessels were compared with the cerebral cortical vessels, similarities were found in vascular branch patterns, histological cross sections, and angiographic appearances. Due to the semitransparency of its vessel wall, performance of flow diverter and stent assisted coiling of an aneurysm could be visualized under direct microscopic observation. Similarly, timing of clot lysis and glue polymerization could be estimated. Endothelial change after thrombectomy could be assessed by histological methods. From these pilot studies, the placenta model could be adopted to simulate various clinical situations. It is also ideal for interventional radiology training. Conclusions It is feasible to adopt the human placenta as an ex vivo vascular model in neurointerventional surgery research due to the fact that its vessels resemble the brain vasculature.
INTRODUCTION
Endovascular therapy for cerebral vascular diseases has expanded in both the variety and number of devices. Conventionally, an animal vascular model is used for initial testing of new devices. 1 2 To date, swine and dog models have been reported. 3 However, animal experiments are labor intensive and expensive. Fresh human placenta on the other hand is relatively easy to obtain from hospitals with obstetrics service. Although the placenta has been widely used in biomedical research, 4 5 its application in neurointerventional research has not been found in the literature. We now report on the preliminary applications of human placenta as an ex vivo vascular model in this rapidly expanding research field.
METHODS
Written consent for donation of placenta for research was obtained from the mother before the baby was delivered. Eighteen placentas were obtained during the period 2011-2013 for various vascular interventions. Fresh placentas soon after delivery were used. After cleansing with normal sterile saline solution to remove any blood adhered to the placenta surface, the amnion sac was peeled off from the chorion and removed by sharp dissection at the cord insertion, thus exposing the chorionic plate vessels on the chorion surface. The umbilical cord was shortened to about 10 cm to allow easy catheterization of the umbilical arteries and vein. A 5 French gauge straight tip diagnostic catheter or size 16 venous puncture catheter was used to catheterize the umbilical arteries. A pressurized intra-arterial infusion bag was used to delivery heparinized saline solution into the placental arteries (figure 1A). A motorized pump was used to simulate pulsation of the vessels. A solution of heparin in normal saline was used to irrigate the specimen until the vessels were free of blood clots. By taking advantage of the semitransparent nature of the placental vessels, direct observations of changes within the blood vessels and the behavior of catheters, clot and devices under a Leica OH5 neurosurgical microscope (Wetzlar, Germany) with high magnification, were made. Results were documented by high definition digital recording and photography. By erecting the placenta with a Styrofoam board support on a tray, digital subtraction angiography (DSA) was performed (figure 1B). This set-up was to allow escape of fluid and contrast material from the placenta to the tray by gravity, thus keeping the radiological field clear ( figure 1C) . A strict transmissible disease protection protocol was observed in all procedures.
Six experimental studies were performed. All 18 placentas were examined macroscopically and the diameters of the first order chorionic plate artery (CPA) and vein were recorded. The presence of any anastomosis between the two umbilical arteries near the placental insertion was noted. The specimens were divided into six groups for the pilot studies.
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For experimental study Nos 1, 2, 3, 4, and 5, a neurosurgical microscope was used for microdissection, visualization of flow inside the vessel, and high definition photography. In experimental study No 3, ex vivo intra-arterial thrombolysis was performed with 500 000 units of urokinase. With the use of a pulsatile pump, the placenta was continuously perfused with Ringer's solution via a 6 French gauge catheter to simulate a normal circulation ( figure 1A) . A 5 mm in length with 4 mm diameter clot specimen was loaded into the junction of the first and second order arteries through the guiding catheter. Under high magnification, the lytic change of the clot sample was observed through the almost transparent CPA.
In experimental study No 5 , different thrombectomy devices were tested for ease of deployment and effectiveness in clot retrieval en masse. After single passage of the device, the labeled vessel was fixed in situ by vascular perfusion of 4% formaldehyde in normal saline for 60 min under a perfusion pressure of 50 mm Hg and a draining pressure of 0 mm Hg at the placental capillaries region. The vascular samples were dissected and prepared for paraffin sections and en face endothelium examination. The paraffin sections were performed with hematoxylin-eosin stain to visualize the vessel morphology and cluster of differentiation 31 (CD31) immunohistological stain to confirm the existence of endothelium, and were then examined by microscopy. For en face examination, the tissue samples were incubated with a mixture of 5 Unit/mL Alexa Fluor 488 phalloidin (Invitrogen, Camarillo, California, USA), 1% bovine serum albumin (Santa Cruz Biotechnology, Santa Cruz, California, USA), 0.5% Triton X-100 (Invitrogen), and physiological buffered saline for 1 h at 37°C. After rinsing three times in physiological buffered saline for 5 min each time, the samples were stained with a 1:500 dilution of To-Pro-3 (Invitrogen) for 20 min at room temperature. Tissue samples without phalloidin and To-Pro-3 treatments were used as controls. The fluorescence stained samples were placed on Superfrost Plus Gold slides with the endothelium facing upward, and then mounted with Pro-Long Gold antifade reagent (Invitrogen). After covering with a micro glass and the edges sealed, the slides were examined with a LSM 7 Duo confocal microscope (Carl Zeiss, Jena, Germany).
Experimental study Nos 4 and 6 were performed under DSA. The placenta was perfused with dextrose non-ionic solution before the application of N-butylcyanoacrylate (NBCA)/ethiodized oil (Lipiodol) mixture; 18% NBCA was used to visualize the angiographic appearance and polymerization time. Ethylene vinyl alcohol copolymer in dimethyl sulfoxide (Onyx) was tested for the degree of penetration and reflux. After DSA examination, the specimens were examined under direct microscopy.
RESULTS

Study No 1
The primary branches of the CPA of all 18 placentas were measured. The average diameter was 4.2 mm. They have the size of the average intracranial internal carotid artery. The cerebral cortical veins on the brain surface always cross over the arteries (figure 2A) while the CPAs always cross over veins when observed from the fetal surface (figure 2B). Similarities were found in vascular branch patterns and histological cross sections of the human cerebral artery (figure 2C,E) and the CPA ( figure 2D,F) . A single anastomosis between umbilical arteries at cord insertion was detected in all specimens.
Study No 2
Intracranial stents such as Pipeline, Neuroform, and Wingspan stents (Covidien, USA) were performed with the use of a delivery catheter. One of the main side branches of the placenta vessel was ligated to simulate a wide neck aneurysm ( figure 3A ). In one model, anticoagulated human blood was infused into a Pipeline mounted vessel with side branch ligated. Flow diversion was observed with examination of the interface between the Pipeline device and the aneurysm ( figure 3B) . Similarly, deployment of coil through the stent strut into the aneurysm was done. Under magnification, shape conformation of the coil during detachment by electrolysis or mechanical means was visualized.
Study No 3
The dose of lytic agent was diluted to 10 mL, and the time to complete lysis of the clot was 23 min on average ( figure 3C, D) .
Study No 4
Three placentas were used for glue embolization. The DSA appearance resembled embolization of the AVM feeding vessel ( figure 3E,F) . The perforating branches of the placenta vessel are very similar to the en passage configuration of AVM. The polymerization times for both glues were similar to the clinical situation even when the placentas were perfused with dextrose solution instead of fresh blood.
Study No 5
Deployment of devices such as the Penumbra Separator 3D (Penumbra Europe GmbH, Germany), Solitaire FR stent (Covidien), and similar stent-like constructs were performed in a preselected branch of the placenta artery under continuous Ringer's solution perfusion ( figure 4A,B) . After applying single passage with a thrombectomy device, the blood vessels were removed from the placenta and histological examinations performed. The change in endothelium lining after thrombectomy was compared with the normal control. The hematoxylin-eosin staining method demonstrated the vessel wall layers ( figure 4C ). Since the endothelium of CPA was positive for the CD31 stain (figure 4D), the change in endothelial lining could be compared for two different devices after thrombectomy at the same placenta. The change was confirmed by confocal microscopy and quantitative measurement of cell loss ( figure 4E,F) . This initial study was affirmative of endothelium loss after the use of the thrombectomy device. No concrete conclusion could be drawn from these findings as the number of vessels examined was too small for statistical analysis.
Study No 6
Three neurosurgical trainees participated in this study and performed DSA by catheterizing the umbilical artery or vein at the loose end of the umbilical cord. Various modes of angiographic examination were performed, such as hand injection of contrast or glue, or deployment of stent or thrombectomy devices. The placental model was well suited for training of pushing NBCA glue and withdrawal of a delivery catheter, which require multiple practices to achieve ideal results in that split second manipulation.
DISCUSSION
Although the placenta shows a wide variation in its anatomy between individuals, in the majority of the cases it is perfused with blood by two umbilical arteries and one vein. The blood vessels spread and divide in the two-dimensional plane between the amnion and the chorion on the fetal side of the placenta, constituting the CPAs. The CPAs form a disperse pattern where they divide dichotomously, in two equal branches, with gradually diminishing diameter, giving off small branches along their course. The primary branches of the umbilical vasculature that course through the chorionic plate periodically dive beneath this stratum to establish the circulation of primary vascular ramifications ending in the terminal villi. 6 The two dichotomized branches are extremely useful in adapting them for comparison of two devices or using one as control on the same placenta.
Resembling the cortical blood vessels of the human brain, the CPAs and their branches are end arteries. 7 The veins roughly follow the course of the arteries, showing a similar branching pattern. The chorionic plate veins carry oxygenated blood, similar to the cerebral arteries. There are two significant differences however. Firstly, the blood pressure difference between the cerebral artery and vein is more than 100 mm Hg while between the chorionic artery and vein it is only 30 mm Hg under normal physiological conditions. Due to different pressure requirements, the properties and thickness of the vessel wall between the cerebral artery and vein are distinctly different while the chorionic vessels show less disparity. As a result, both placental artery and venous systems can be used to simulate the cerebral artery whereas the animal model is limited to one. Secondly, the chorionic artery is superficial to the vein while the cerebral cortical artery is the reverse. As the chorionic artery tree is superficial, movement of materials inside the vessel lumen can be visualized throughout the entire length without disruption. The differences are adding merits to the model rather than discrediting it. Further similarity was found in the covering of the organ. There are four extraembryonic membranes that are part of the placenta, including the yolk sac, amnion, allantois, and chorion. For the brain, there are also four layers of membrane coverings-the fibrous dura, meningeal dura, arachnoid, and pia matter. In most placentas there is a single anastomosis, first described by Hyrtl in 1870, between the umbilical arteries near the cord insertion. 8 The anastomosis is promising for simulation of communication between the left and right cerebral vascular territories. Further experiment is required to validate the usefulness of this model for cross flow study. Freshly delivered placenta is carrying living cells. Cooling and irrigation with iso-osmotic fluid such a Ringer's solution can preserve the tissues. We found that the cells within the blood vessels of the human placenta in particular were still viable to take up vital staining for histological studies within 6 h after placenta delivery (figure 4). CD31 is a constituent of the endothelial intercellular junction, also designated as PECAM-1 ( platelet endothelial cell adhesion molecule 1). 9 Immunohistological CD31 stain has been applied to routinely processed tissues containing endothelial cells. 10 Phalloidin binds F-actin with high selectivity, and has been used to visualize and quantify F-actin in tissue sections and cell cultures. 11 The To-Pro-3 stain is a sensitive detector of double stranded nuclei acids. 12 It may be worthwhile exploring the applications of molecular markers in the ex vivo model.
Most of the placentas demonstrated various degrees of chorionic plate vessel spasm soon after delivery. The smooth muscle constriction may be triggered by the release of angiotensin II from the placenta. 13 In our observation, the pressurized infusion of Ringer's solution for 10-15 min can also restore the normal luminal size of the vessels. After the application of heparin and urokinase infusion, the existing clot within the arteries can be dissolved and passed to the venous system of the placenta. The only difference is the presence of the autonomic nervous supply to the smooth muscle layer in the cerebral blood vessel where the placenta is deprived of any nerve supply. With general features closely resembling the brain vessel in terms of diameter, tortuosity, elasticity, and bifurcation pattern at the chorion surface, the human placenta is well suited as an ex vivo vascular model to simulate various clinical situations.
Interventional procedures are well known to carry a high risk of procedure related complications, such as inadvertent perforation of a vessel, kinking of a catheter or guidewire, fracture of catheters, and overshooting of embolization materials. For trainees, apart from computer simulation training, the placental model can provide start up practice in the DSA room before they embark on performing interventional procedures in real clinical situations.
CONCLUSION
The experimental studies in this paper suggest that it is feasible to use human placenta as an ex vivo vascular model in neurointerventional surgery research and training purposes due to its vessels resembling the brain vasculature. The model opens doors for investigation of new endovascular devices during the development phase in the future.
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